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Abstract 
Optical characteristics are a central feature of water quality and are increasingly used as a basis for monitoring concen-
trations of optically active constituents (OACs) through satellite-based remote sensing. This study presents a robust 
optical characterization of the near-surface waters of eutrophic Oneida Lake, New York, USA, that features in situ 
spectral measurements of inherent optical properties (IOPs) and remote sensing reflectance (Rrs(λ)), an apparent optical 
property (AOP) critical to remote sensing initiatives. The IOP measurements included the absorption coefficient, (a(λ)), 
and particulate scattering (bp(λ)) and backscattering (bbp(λ)) coefficients. Supporting measurements included Secchi 
depth (SD), the OACs, chlorophyll a, phycocyanin, suspended particulate material, and laboratory determinations of 
components of a(λ) (ax(λ)), including colored dissolved organic matter, nonalgal particles, and phytoplankton. The 
strong spectral patterns of a, ax, and Rrs, and more modest wavelength dependencies of bp and bbp, are documented. The 
credibility of the optical characterizations is demonstrated through (1) the consistency of relationships between SD−1 
and bp, and ax and the OACs; (2) the extent of closure between in situ and laboratory measurements of a and ax; and 
(3) the extent of closure between predicted Rrs spectra, based on the observed IOP (a and bbp) spectra and application of 
a widely used radiative transfer relationship, and observations. Major temporal and substantial spatial variations in 
OACs, IOPs, SD, and Rrs(λ) are documented. Much of the variability in the OACs and SD were well predicted by sys-
tem-specific empirical relationships that used Rrs values at specified wavelengths (consistent with the Medium 
Resolution Imaging Spectrophotometer [MERIS]) as the independent variables, supporting the potential for effective 
monitoring of these features through remote sensing in the future. 
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Introduction
The concentrations and compositions of optically active 
constituents (OACs; listings of acronyms and symbols in 
Table 1), including phytoplankton, colored dissolved 
organic matter (CDOM), and minerogenic and detrital 
particles, regulate the propagation of light in water, as 
mediated through their effects on the attenuating processes 
of absorption and scattering (Kirk 1994). The magnitudes 
and spectral features of the absorption (a(λ) in m−1), 
particulate scattering (bp(λ) in m−1), and particulate back-
scattering (bbp(λ) in m−1) coefficients quantify these 
processes and thereby define the propagation of light in 
water and the emergent flux signal available for remote 
sensing (Kirk 1994, Mobley et al. 2004). These coeffi-
cients are inherent optical properties (IOPs) because their 
values are independent of the geometry of the light field 
(e.g., time of day; Kirk 1994, Mobley 1994). The IOPs 
determine an array of commonly measured optical 
attributes that depend on the geometry of the light field, 
described as apparent optical properties (AOPs; Gordon et 
al. 1988, Kirk 1994, Mobley et al. 2004). These AOPs, 
such as the attenuation coefficient for downwelling 
irradiance, Secchi depth (SD), and remote sensing 
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reflectance (Rrs(λ) in sr
−1) are of broad interest to aquatic 
ecology and monitoring of water quality (Kirk 1994). 
Optical characterizations of lacustrine systems with in situ 
instrumentation that measure spectrally the suite of the 
above IOPs, together with Rrs(λ), are rare (Gallegos et al. 
2008, O’Donnell et al. 2010), although more common in 
ocean studies (Dickey et al. 2006). Such measurements 
are valuable in advancing the understanding, characteriza-
tion, and modeling of the complex underwater and 
emergent light fields of lacustrine systems. Moreover, the 
in situ instrumentation has enabled extensive spatial repre-
sentations (Babin et al. 2003b).
It is critical to establish the representativeness of such 
instrumentation measurements if these are to advance 
characterization and to be effectively used and integrated 
into the development and testing of optical models for 
inland waters, a process pursued through consistency 
checks and optical closure analyses (Pegau et al. 1995, 
Tzortziou et al. 2006, Gallegos et al. 2008). Consistency 
here refers to relationships between various metrics (e.g., 
OACs, AOPs, or IOPs) that depict dependencies consistent 
with theory and widely accepted observations. Closure 
analyses may include comparisons of field and laboratory 
measurements or matching AOP observations with values 
predicted from paired IOP measurements using accepted 
radiative transfer relationships (Pegau et al. 1995, 
Gallegos et al. 2008). Most of IOP–Rrs(λ) closure analyses 
have been conducted for marine and estuarine waters 
(Bulgarelli et al. 2003, Chang et al. 2003, D’Sa and Miller 
2003, Tzortziou et al. 2006). Efforts for inland waters 
have included 4 New Zealand lakes (Gallegos et al. 2008), 
southern Lake Michigan (Bergman et al. 2004), and the 
western basin of Lake Erie (O’Donnell et al. 2010).
These measurements of IOPs and AOPs and the estab-
lishment of strong relationships (cross sections) between 
OACs and IOPs are important to advance remote sensing 
capabilities for case 2 systems (Lee et al. 2002, Tzortziou 
et al. 2007, Binding et al. 2012, Lesht et al. 2012). These 
include inland and coastal waters where nonphytoplank-
ton components do not covary with, and may not be 
subordinate to, phytoplankton (see Mobley et al. 2004, for 
limitations of the simple case 1–case 2 classification 
Acronyms and abbreviations
AOPs apparent optical properties
Chl-a chlorophyll a concentration (µg L−1)
CDOM colored dissolved organic matter (m
−1)
IOPs inherent optical properties
OACs optically active constituents
PC Phycocyanin (µg L−1)
SD Secchi disk transparency depth (m)
SPM suspended particulate material (mg L−1)
Symbols
a(λ) spectral absorption coefficient (m−1)
at-w(λ) in situ spectral absorption coefficient without water (m−1)
ap(λ) laboratory particulate absorption coefficient (m−1)
aCDOM(λ) laboratory colored dissolved organic material absorption coefficient (m−1)
aNAP(λ) laboratory nonalgal particulate absorption coefficient (m−1)
aφ(λ) laboratory phytoplankton absorption coefficient (m−1)
b(λ) spectral scattering coefficient (m−1)
bp(λ) in situ particulate scattering coefficient (m−1)
bb(λ) in situ spectral backscattering coefficient (m−1)
bbp(λ) in situ particulate backscattering coefficient (m−1)
c(λ) in situ spectral attenuation coefficient (m−1)
ct-w(λ) in situ spectral attenuation coefficient without water (m−1)
Rrs remote-sensing reflectance (sr−1)
Table 1. Acronyms, abbreviations, and symbols.
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system). There is an established successful history of 
development of strong empirical relationships between 
remotely sensed features of Rrs(λ) and various OACs for 
case 1 waters (phytoplankton dominate, other OACs 
covary; Morel and Prier 1977, Gordon et al. 1983, Lee et 
al. 1998). Such approaches often fail or have system-spe-
cific limitations for the more complex optical regimes of 
case 2 systems (Lee et al. 2002, Binding et al. 2012). A 
mechanistic approach, the use of a semianalytical 
algorithm(s), that describes the dependency of Rrs(λ) on 
a(λ) and bb(λ) according to a radiative transfer 
expression(s), and in turn the relationships between IOPs 
and OACs, can result in more robust remote sensing 
retrieval capabilities (Lee et al. 2002, Lubac and Loisel 
2007, Tzortziou et al. 2007, Binding et al. 2012). The 
dependence of Rrs(λ) on IOPs is widely described by the 
following semianalytical model (Morel and Gentili 1996):
 Rrs (λ) = 0.54 (f/Q)·[bb(λ)÷(a(λ) + bb(λ))],  (1)
where the f and Q parameters are variable, depending 
on solar zenith angle, the geometric structure of the 
radiance field, and the IOPs, although the f/Q ratio is 
subject to only modest variations over a wide range of 
ambient conditions (Morel and Gentili 1993).
Reliable remote sensing retrievals of IOPs and water 
quality metrics for targeted inland waters depend on a 
thorough understanding of a(λ), bb(λ), their components 
(ax(λ) and bb,x(λ)), and their relationships with OACs 
(Binding et al. 2012). Currently, only a limited library of 
such information exists for the inland waters of the United 
States to support initiatives for mechanistic approaches 
(semianalytical algorithms [e.g., equation 1]) in remote 
sensing. This paper presents a robust optical characteriza-
tion of a medium-size eutrophic lake, Oneida Lake, New 
York, USA. The goals of the study were to (1) advance the 
characterization and understanding of optically complex 
water bodies, (2) advance the potential for remote sensing 
of water quality of the lake through empirical protocols, 
and (3) support mechanistic, semianalytical, modeling 
initiatives for remote sensing of inland waters. Substantial 
temporal and spatial variations in an array of IOPs, OACs, 
and AOPs are documented. Robust spectral measurements 
of IOPs and Rrs, made in situ with modern field instrumen-
tation, and a and ax, made in the laboratory, are presented 
and analyzed. Empirical relationships were developed to 
support retrieval of SD (in m−1) and OACs, including a 
metric of cyanobacteria biomass. The credibility of the 
dataset and its associated utility to support mechanistic 
remote sensing initiatives for inland waters is established 
through multiple analyses, including (1) demonstration of 
a consistent SD–bp relationship; (2) evaluation of ax–OAC 
relationships for cross-section development; (3) demon-
stration of closure between in situ and laboratory meas-
urements of a(λ) and ax(λ); and (4) demonstration of 
reasonable closure of IOP-based predictions of Rrs(λ) 
(equation 1) with observations.
Methods
Study system and sampling
Oneida Lake is a shallow, polymictic, eutrophic lake 
located (43º12ʹ20ʺN; 75º54ʹ13Eʺ) in upstate New York 
(Fig. 1) with an average depth of 6.8 m and a surface area 
of 206.7 km2 (Mills et al. 1978). It is the largest surface 
area lake within New York and a major recreational 
resource to the region. The lake’s primary axis (about 33.6 
km long) is oriented west–northwest to east–southeast and 
is fully exposed to the prevailing winds. The lake 
experiences phytoplankton blooms annually starting in 
midsummer, with peak chlorophyll a (Chl-a) >20 µg L−1 
(Hotto et al. 2008). These blooms are dominated by 
several cyanobacterial genera that can produce microcyst-
ins, the most commonly detected cyanotoxin in freshwater 
(Hotto et al. 2008). Mycrocystis is the dominant potential 
microcystin producer in Oneida Lake (Hotto et al. 2008). 
Substantial spatial differences in phytoplankton biomass 
and community composition have been observed (Hotto et 
al. 2008).
We monitored 6 sites in this study (Fig. 1): 5 extended 
along the lake’s primary axis and were separated by ap-
Fig. 1. Oneida Lake with the locations of 6 monitoring sites and 
position in New York.
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proximately equal distances; the sixth site (SP) was 
located off the lake’s south shore at a midlake position 
(Fig. 1). The numbered sites (125, 117, and 109) 
correspond to navigation buoy designations; the other 3 
site designations (MB, 3M, and SP) are abbreviations for 
named locations (Fig. 1). This study focuses on 
monitoring conducted on 4 days: 8 June, 7 July, and 11 
and 18 August 2010.
Field measurements and IOP-Rrs(λ) closure 
calculations
SD was measured with a black and white quadrant 20 cm 
diameter disk. Two instrument packages were deployed at 
the time of sample collection. One package made meas-
urements of spectral features of IOPs, the other made 
radiometric measurements. Spectral measurements (25 cm 
pathlength) of attenuation (ct-w(λ) in m−1; t-w denotes pure 
water (w) not included) and absorption (at-w(λ) in m−1) 
were made with an ac-s spectral attenuation and 
absorption meter (WETLabs Inc), relative to pure water, 
over the 400–730 nm interval at a resolution of 4 nm. 
Instrument calibration and correction of at-w(λ) for 
scattering were performed as specified by the manufac-
turer (WETLabs 2006). Adjustments for the effects of 
temperature were made according to Pegau et al. (1997). 
Two casts were made with the ac-s at each site on each 
monitoring date, the first without a filter, the second with 
an inline Gelman filter (0.2 µm effective pore size) on the 
at-w side to measure the CDOM component of at-w(λ), 
aCDOM(λ). The particulate component of at-w(λ) was 
determined as the residual of the two casts: ap(λ) = at-w(λ) 
– aCDOM(λ). The value of bp(λ) was determined as the 
difference between the attenuation and absorption 
channels: bp(λ) = ct-w(λ) – at-w(λ). Values of bbp(λ) were 
measured at 9 wavelengths (412, 440, 488, 510, 532, 595, 
650, 676, and 715 nm) with a BB9 instrument (WETLabs 
Inc). These are based on measurements of the volume 
scattering function at an angle of 117º, which corresponds 
to a minimum convergence point for variations of the 
function caused by suspended particulates (Boss and 
Pegau 2001). Corrections for photon attenuation due to 
absorption over the path from the light source to the 
sample volume to the detector were based on the manu-
facturer’s protocols (WETLabs 2010).
Radiometric measurements were made with a 
HyperPro II (Satlantic Inc.), which has 3 spectral 
radiometers (350–800 nm, ~3 nm resolution). Two are 
attached to a profiling frame; the third is located on deck 
that measures solar irradiance above the water surface, 
Es(λ). The radiometers on the profiling frame measure 
downwelling irradiance, Ed(λ), and upwelling radiance, 
Lu(λ). A floatation collar on the profiler enables 
measurement of Lu(λ) at about 20 cm below the water 
surface. The instrument collected observations for ≥2 min 
in this near surface position. The values of Lu(λ) just 
below the surface, Lu(0−,λ), were estimated by propagating 
the observed signals (i.e., at ~20 cm) to the surface 
according to Beer’s Law:
  
 Lu(0ˉ) = Lu · e0.2KL,u,  (2)
where KL,u is the attenuation coefficients for upwelling 
radiance (calculated within the HyperPro II software, 
based on profiling observations from 3 m to surface, by 
linear regression of logarithm of Lu on depth). The water-
leaving radiance, Lw(λ) or Lu(0+, λ), was calculated from 
Lu(0−, λ) according to 
 Lw(λ) = 0.54·Lu(0ˉ, λ),  (3)
where 0.54 accounts for the Fresnel reflectively at the 
surface (Mobley 1994, Lee et al. 2002). The value of 
Rrs(λ) is calculated as 
 Rrs(λ) = Lw(λ) ÷ Es(λ).  (4)
Spectra of Rrs were predicted from the field measure-
ments of the IOPs, at-w(λ) and bbp(λ) (i.e., for the 9 
wavelengths of bbp observations), using the semianalytical 
relationship of equation 1. The value for the ratio f/Q 
(equation 1) was specified as 0.083 based on a Monte 
Carlo modeling analysis (Kirk 1994). The extent of 
closure of the predictions with observations was evaluated 
with 2 performance metrics: (1) r2 from linear least-
squares regression, and (2) the average percent difference 
for each site/date (n = 22) case. The first metric reflects 
the extent to which the shapes of the Rrs(λ) spectra were 
predicted. The second metric depicts the extent to which 
the magnitude of this signature was simulated.
Laboratory measurements and spectral 
representation
Concentrations of suspended particulate matter (SPM, mg 
L−1; Clesceri et al. 1998; Whatman GF/F, 0.7 µm pore size 
filter), Chl-a (fluorometric, acetone extraction; 
Welschmeyer 1994), and phycocyanin (PC, µg L−1; 
Siegelman and Kycia 1978) were determined for collected 
samples (0.45 µm MCE membrane filters for Chl-a and 
PC) according to established protocols. Phytoplankton 
composition (% contribution to biomass) was determined 
for 3 lake samples collected at sites SP (8 June) and No. 
125 (11 and 18 August) according to the inverted 
microscope method. Laboratory methods for measure-
ments of components of a(λ) (ax(λ)) were compliant with 
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those specified for satellite ocean color calibration–
validation activities (Mitchell et al. 2003). Absporption 
due to CDOM, aCDOM(λ) in m−1, was determined through 
spectrophometer scans from 400 to 750 nm (Perkin Elmer, 
Lambda 40) of filtered (0.2 µm pore size Millipore 
membranes) water in a 10 cm quartz cuvette using 
deionized water as a reference. A baseline correction was 
made by subtracting the average absorbance value for the 
685–700 nm range from all the spectral values. These 
spectra, as well as those obtained from the ac-s field (with 
filter) measurements (with the same adjustments), were 
described by 
   
 aCDOM (λ) = a CDOM (440)e -SCDOM (λ -440), (5)
where aCDOM(440) is the CDOM absorption (m−1) at 
440 nm, and SCDOM (nm−1) is the spectral slope of the 
aCDOM(λ) spectrum. Values of SCDOM were estimated 
through a nonlinear regression fitting approach 
(Twardowski et al. 2004) over the 400–500 nm 
wavelength interval (Perkins et al. 2010).
Samples were filtered onto 25 mm diameter glass fiber 
filters (Whatman GF/F) under low vacuum for measure-
ments of particulate absorption, ap(λ) in m−1, and its 
components. The ap(λ) spectrum was determined 
according to the method of Lohrenz (2000), with 
absorbance measured between 400 and 750 nm at 2 nm 
increments using a dual beam spectrophotometer equipped 
with a 100 mm integrating sphere (Perkin Elmer, Lambda 
18). Path length amplification corrections were made 
according to Cleveland and Weidemann (1993), who 
developed one of the relationships from optical density 
spectra for multiple phytoplankton species (also see 
Mitchell 1990). The absorption coefficient for nonalgal 
particles, (NAP; aNAP(λ) in m−1), was measured after 
pigment bleaching with sodium hypochlorite (Ferrari and 
Tassan 1999). Processing of the absorbance spectra 
generally followed Mitchell et al. (2003), except that 
values of ap(λ) and aNAP(λ) were adjusted to remove any 
residual scatter that elevated the spectra off the baseline 
corrected absorbance values by subtracting the average of 
measured values over the 740–750 nm range, where the 
absorption curve had flattened out. The aNAP spectra were 
described in the same format as aCDOM(λ):
   
 aNAP(λ) = aNAP(440)e-SNAP(λ-440),  (6)
where aNAP(440) is NAP absorption at the reference 
wavelength 440 nm, and SNAP (m−1) is the spectral slope of 
the aNAP(λ) spectrum. Values of SNAP were determined 
through the same nonlinear regression fitting approach 
used for SCDOM but for the wavelength intervals 482–618 
nm and 712–750 nm (Babin et al. 2003a) to avoid the 
effects of phytoplankton pigments not removed in 
bleaching. The phytoplankton absorption spectrum, aφ(λ) 
in m−1, was determined through a residual calculation:
 aφ(λ) = ap(λ) – aNAP(λ). (7)
The above analytical protocols support the partitioning 
of a(λ) according to the additive contributions of 4 
components (Babin et al. 2003b):
 a(λ) = aφ(λ) + aNAP(λ) + aCDOM(λ) + aw(λ),  (8)
where aw(λ) is the absorption (m−1) associated with 
pure water (known; Pope and Fry 1997).
Empirical retrieval algorithms were evaluated to 
estimate water quality parameters from attributes of the 
Rrs spectra. These were based on linear least-squares 
regression relationships developed using selected OACs 
and SD as the dependent variables and Rrs values for 
selected λs as the independent variable. The specific λ 
selections were guided by similar efforts reported recently 
for other case 2 studies (D’Sa and Miller 2003, Hunter et 
al. 2010, Matthews et al. 2010) and are generally 
consistent with wavebands of the satellite-based Medium 
Resolution Imaging Spectrophotometer (MERIS; Rast et 
al. 1999).
Results and discussion
Spectral characteristics
Spectral patterns are presented for the visible wavelengths 
for ax, IOPs, and Rrs for 4 monitoring days at site 117 
(Fig. 2) to depict spectral (mostly recurring) features and 
the general level of temporal variations. This array of 
spectra has rarely been presented together for lacustrine 
systems (Gallegos et al. 2008, O’Donnell et al. 2010). 
Accordingly, this information represents a robust optical 
characterization in the context of spectral structure within 
the visible wavelengths.
Strong temporal variations were observed for each of 
the presented attributes except aCDOM (Fig. 2a; coefficient 
of variation (cv) for this site was 0.07). These laboratory 
aCDOM spectra (Fig. 2a), as well as those for all other sites 
measured in the laboratory and field, demonstrated a 
pattern of exponential decreases with increases in λ over 
the visible wavelengths, as reported elsewhere (Bricaud et 
al. 1981, Babin et al. 2003a, Twardowski et al. 2004, 
Perkins et al. 2010). Moreover, the values of SCDOM 
(equation 6) were within the typical range for case 2 
waters; the average SCDOM for all laboratory characteriza-
tions was 0.0186 nm−1 (range 0.0178–0.0190, cv = 1.4%). 
The magnitude of aNAP within the blue wavelengths was 
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decidedly lower than aCDOM and much more temporally 
variable, with substantially higher values in August 
(Fig. 2b); aNAP(440) was about 6-fold greater on 18 August 
than on June and July monitoring dates. Relative spectral 
decreases with increasing wavelength for aNAP were 
diminished compared to aCDOM, as reflected by the lower 
SNAP values (average for all laboratory measurements of 
0.0128 nm−1, range 0.0113–0.0145 nm, cv = 6.4%) 
compared to SCDOM. These SNAP values were generally 
consistent with other characterizations of this absorbing 
component reported for lacustrine systems (Binding et al. 
2008, Perkins et al. 2009, 2010).
All aφ spectra for this site demonstrated the general 
pattern common for absorption by phytoplankton (Kirk 
1994, Bricaud et al. 1995, Babin et al. 2003a), a broad 
peak in the blue region and a sharper secondary peak in 
the red region at about 676 nm (Fig. 2c). The broad 
“shoulder” in the 570–650 nm range, with a peak at about 
620 nm, for the August samples is attributable to the 
accessory pigment phycocyanin of cyanobacteria 
(Schalles et al. 1998, Dash et al. 2011) that dominated the 
phytoplankton at that time (Table 2; Anabaena primarily, 
Microcystis and Aphanizomenon secondarily). Moreover, 
the shapes of the two August spectra differed with respect 
to the relative magnitudes of the 440 and 676 nm peaks, a 
common metric of the shape of aφ(λ) spectra (Babin et al. 
2003a, Perkins et al. 2009). Such variations may reflect 
shifts in the composition of the phytoplankton community 
(Perkins et al. 2009). The magnitudes of the aφ(440) 
values were in the same general range as aNAP(440) 
(Fig. 2b and c). The distributions of aφ(440) and aNAP (440) 
were not strongly correlated (r = 0.65, p < 0.01), a 
common situation for case 2 waters (Babin et al 2003a). 
For example, the highest aφ(440) at this site was observed 
on 11 August, but aNAP(440) was decidedly greater on 18 
August than 11 August. Temporal variations in the 
magnitude of aφ(440) at this site (Fig. 2c) were generally 
consistent with the dynamics of phytoplankton biomass, 
as indicated by Chl-a (values of 2.4, 4.8, 12.2, and 
13.7 µg L−1 for the June, July, and two August days, re-
spectively). The magnitudes of the aφ(676) peaks 
remained decidedly lower than aw(676) (Fig. 2a), even 
during the August bloom(s) (Fig. 2c), depicting the 
commonly encountered challenge for using this red 
wavelength signature for remote sensing (Gons et al. 
2008). The ap(λ) spectra (Fig. 2d), representing the 
summation of aNAP(λ) and aφ(λ) (Fig. 2b and c), had shapes 
that reflected the compromise of the contrasting features 
of these particulate components. The strong temporal 
variations in ap(λ) were driven by the dynamics of both 
Date Site Genus/Species % Biovolume Group
8 June SP Schroederia setigera 14 Chlorophyta
Ochromonas 49 Chrysophyta
Asterionella formosa 17 Bacillariophyta
Aulacoseiria granulata 6 Bacillariophyta
11 August 125 Microcystis viridis 3 Cyanobacteria
Anabaena 63 Cyanobacteria
Aphanizomenon flos-aquae 8 Cyanobacteria
Eudorina elegans 2 Chlorophyta
Pandorina morum 2 Chlorophyta
Aulacoseiria granulata 9 Bacillariophyta
Stephanodiscus niagarae 1 Bacillariophyta
18 August 125 Microcystis viridis 8 Cyanobacteria
Anabaena 81 Cyanobacteria
Oocystu lacustrine 1 Chlorophyta
Pandoria morum 2 Chlorophyta
Aulacoseiria granulata 4 Bacillariophyta
Stephanodiscus niagarae 2 Bacillariophyta
Table 2. Important components of the phytoplankton community of Oneida Lake for selected sites and dates in 2010.
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these components; ap(440) was nearly 4-fold greater in 
August than June and July. Broad spectral minima for 
a(λ), formed from summation of the 4 components, 
occurred over the 525–580 nm range (Fig. 2e). Dynamics 
in these spectra were driven largely by changes in 
particulate components. The dominance of aCDOM and its 
relative temporal uniformity (Fig. 2a) acted to modulate 
the dynamics of a(λ) in this lake.
In strong contrast to a(λ) and ax(λ), bp(λ) was more 
spectrally invariant (Fig. 2f); however, extensive marine 
surveys and theoretical analyses have established that 
some spectral structure can be imparted by the effects of 
particle composition, size distribution, and absorption 
(Barnard et al. 1998, Gould et al. 1999, Babin et al. 
2003b). Decreasing trends throughout the visible 
wavelengths that have been attributed to dominance by 
minerogenic particles (Babin et al. 2003b) were not 
observed. The minima observed in the bp(λ) spectra of 
August in the blue (~440 nm) and red (~676 nm) regions 
(Fig. 2f) have been attributed to the effects of phytoplank-
ton absorption at these wavelengths (Babin et al. 2003b, 
Doxaran et al. 2009) and suggest a prominent role of phy-
toplankton in overall scattering. Similar magnitudes of bp 
were observed for the two August days at site 117 that 
exceeded levels for the lower Chl-a days of 8 June and 7 
July by about 3.5- and 2.3-fold, respectively (Fig. 2f).
Wide variations in bbp were also observed among the 
days (Fig. 2g) that had certain qualitative similarities to 
the observations for bp (Fig. 2f), such as those with the 
highest values in August; however, the differences 
between the August dates were distinctly greater for the 
bbp observations. Spectral structure for bbp, which has been 
investigated mostly for marine waters (Huot et al. 2008, 
Snyder et al. 2008), was greater for the August observa-
tions, with a modest broad “dome-like” peak apparent 
between ~475 and 550 nm (Fig. 2g). Similar dome-like 
shapes have been increasingly reported (Kutser et al. 
2009, McKee et al. 2009, Martinez-Vincente et al. 2010). 
These differ fundamentally from the power law 
dependency commonly invoked based on the assumptions 
of Junge particle size distributions (Huot et al. 2008, 
Snyder et al. 2008). Considerable uncertainty persists 
concerning the spectral character of bbp and its drivers 
(Antoine et al. 2011). A minimum in bbp(λ) was observed 
on the August days at 650 nm. This distinct difference in 
the spectral positions of minima for bp(λ) and bbp(λ) may 
reflect an increased role of phytoplankton in light 
scattering for the August days because the spectral 
dependence of scattering and backscattering efficiencies 
of phytoplankton differ substantially (Ahn et al. 1992). 
However, the coincident increases in aNAP (subsequently) 
suggest nonphytoplankton particles may also have 
contributed to increases in scattering in the same interval.
The value of the backscattering ratio, bbp = bbp(λ) ÷ 
bp(λ), is nearly independent of particle concentration, 
depending on the chemical composition of a particle 
population (Twardowski et al. 2001, Boss et al. 2004) 
and particle size distribution and shape (Snyder et al. 
2008). The spectral average values of  bbp differed by 
nearly a factor of 2 among the 4 dates at site 117, 
ranging from 0.0155 (7 Jul) to 0.0282 (18 Aug; Fig. 2h). 
The cv values for bbp (λ) for the 9 wavelengths of bbp 
measurements were 0.12, 0.13, 0.10, and 0.11 for the 
June, July, and August observations, respectively. This 
variability is representative of the complete population 
of measurements for the lake and is somewhat higher 
than observed for western Lake Erie (O’Donnell et al. 
2010), but it is not above the magnitude of potential 
errors in the contributing measurements (Whitmire et al. 
2007, McKee et al. 2009). Thus, we do not consider 
the Oneida Lake bbp (λ) observations supportive of 
noteworthy spectral structure for the backscattering 
ratio, similar to our findings for Lake Erie (O’Donnell et 
al. 2010). McKee et al. (2009) reviewed the conflicting 
views on this issue based on field studies, identifying 
cases where evidence for spectral dependence was 
reported for coastal waters (McKee and Cunningham 
2005, 2006, Snyder et al. 2008) and others from ocean 
areas (Whitmire et al. 2007, Huot et al. 2008) that found 
spectral uniformity. Measurement uncertainties presently 
confound clear resolution of the extent of structure 
(McKee et al. 2009).
A unifying feature of the Rrs(λ) spectra was a green 
wavelength (~560–570 nm) peak (Fig. 2i). This can be 
viewed as the outcome of relatively spectrally uniform bbp 
(Fig. 2g) combined with an absorption minimum in the 
same wavelength range (Fig. 2e) that results from high 
absorption in blue wavelengths from CDOM, NAP, and 
phytoplankton, and in the red wavelengths from water 
and phytoplankton (equation 1). The much higher Rrs 
peaks in August (~3-fold) compared to the June and July 
observations reflect primarily the increases in bbp. The 
spectral patterns of Rrs(λ) observed in this study were 
within the broad bounds of those reported for a large 
survey (93 sites) of coastal case 2 waters in the eastern 
English Channel and southern North Sea (Lubac and 
Loisel 2007). The finer variations observed in the Rrs(λ) 
spectra (e.g., Fig. 2i) depict the effects of differences in 
IOPs associated with the concentrations and composition 
of the OACs. Additional conspicuous signatures in the 
Rrs(λ) spectra (Fig. 2i) beyond the green peak included 
depressions at ~620 and 676 nm from absorption by PC 
and Chl-a, respectively (Gons et al. 2008, Matthews et al. 
2010). A potential Chl-a fluorescence peak in the 
680–700 nm range (Tzortziou et al. 2006, Gons et al. 
2008) was less obvious.
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Consistency relationships and closure analyses
The magnitude of bp plays a dominant role in regulating 
clarity, as measured by SD, in most lacustrine systems 
(Effler 1985, Davies-Colley and Vant 1988, Davies-Colley 
et al. 2003, Effler et al. 2005, 2008, Swift et al. 2006). The 
observed relationship between SD−1 and bp (Fig. 3a) for 
λ = 650 nm (wavelength widely used for light scattering 
issues; Peng et al. 2009) indicates that conditions in 
Oneida Lake are consistent with that case. Differences in 
bp(650) explained 84% of the observed variations in SD−1, 
according to linear least-squares regression (Fig. 3a). 
Similarly strong relationships prevailed for different 
wavelengths because of the spectrally invariant character 
of bp(λ) (Fig. 2f).
Relationships between ax and OACs were evaluated in 
2 ways (Perkins et al. 2010): through linear least-squares 
regression and as ratios (ax ÷ OAC concentration). 
Regression analyses depict the strength of the relation-
ships. The ratios correspond to specific absorption coeffi-
cients (cross sections), that support comparisons to values 
reported for other systems (Babin et al. 2003b, Binding 
et al. 2008, Effler et al. 2010). Strong relationships 
prevailed between aφ and Chl-a for λ = 440, 665, and 676 
nm (Fig. 3b), and all of these had near zero intercept 
values. The average specific absorption coefficient values, 
a*φ,Chl-a(λ) = aφ(λ) ÷ Chl-a, were 0.0320, 0.0126, and 
0.0158 m2 mg−1 for λ = 440, 665, and 676 nm, respectively 
(based on ratios), with cvs of 0.39, 0.15, and 0.15, respec-
tively. These are not widely different from values that 
could instead be specified from the slopes of the regression 
analyses (Fig. 3b). Note that the relationships remained 
appropriate for the lower ranges of aφ and Chl-a observa-
tions (inset of Fig. 3b). The specific absorption coeffi-
cients for λ = 440 and 676 and the reported variabilities 
are well within the broad ranges reported for case 1 
(Bricaud et al. 1995) and case 2 (Babin et al. 2003a) 
marine systems and lacustrine waters (Bukata et al. 1991, 
Binding et al. 2008, Perkins et al. 2009, 2010, Effler et al. 
2010). Perkins et al. (2010)  reported similar average ratio 
values of 0.040 and 0.021 m2 mg−1 for a*φ,Chl-a(440) and 
a*φ,Chl-a(676), respectively, for Onondaga Lake. Similar 
values were reported for Lake Superior and Keweenau 
Bay, with average values of 0.046 and 0.017 m2 mg−1, 
respectively (Effler et al. 2010). The average value for 
a*φ,Chl-a(440) for Lake Erie by Binding et al. (2008; 0.086 
m2 mg−1) was distinctly higher.
The position that variations in aφ(620) were largely at-
tributable to the variations of PC was evaluated through 
linear least-squares regression analysis based on the 
paired observations (Fig. 3c). A significant relationship (p 
< 0.001) of moderate strength (r2 = 0.67) emerged from 
the analysis (Fig. 3c) that supported the position. Two ob- 
Fig. 2. Optical spectra for site 117 for 4 monitoring dates in 2010: 
(a) aCDOM (laboratory); (b) aNAP; (c) aφ; (d) ap (laboratory); 
(e) a (laboratory), (f) bp; (g) bbp; (h) bbp ; and (i) Rrs.
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servations disproportionately influenced the performance 
of the relationship, contributing to its uncertainty.
The specific absorption coefficients for aNAP have most 
often adopted SPM as the OAC (Bukata et al. 1991, Babin 
et al. 2003b, Binding et al. 2008), described by a*NAP,SPM(λ) 
(= aNAP(λ) ÷ SPM in m2 g−1). This represents a conceptual 
disconnect because SPM includes all retained particulates, 
including phytoplankton; however, the aNAP(440)–SPM re-
lationship is pursued here to support comparison to other 
systems and gain related insights. A strong positive rela-
tionship prevailed between aNAP(440) and SPM (Fig. 3d); 
differences in SPM explained 72% of the observed 
variations in aNAP(440). Covariation of Chl-a and SPM 
(r2 = 0.81, from linear least-squares regression, not shown) 
indicates phytoplankton may have made noteworthy con-
tributions to SPM. Stoichiometric relationships based on 
Chl-a (Babin et al. 2003a) yield an estimate of SPM 
associated with phytoplankton biomass, at a typical Chl-a 
level of 10 µg L−1, of roughly 0.8 mg L−1 SPM. This 
supports the position that the contribution of phytoplank-
ton to SPM was likely noteworthy, although not dominant 
(Fig. 3d). The average a*NAP,SPM(440) for Oneida Lake was 
0.165 m2 g−1 (cv = 0.59), nearly 2-fold greater than 
reported for Onondaga Lake (0.090 m2 g−1; Perkins et al. 
2010), and 3–4-fold greater than reported for Lake 
Superior and Keeweenau Bay (0.057 m2 g−1; Effler et al. 
2010), Lake Erie (0.0403 m2 g−1; Binding et al. 2008), and 
European coastal waters (0.041 m2 g−1; Babin et al. 
2003b). All these other lakes were relatively enriched with 
minerogenic particles (Peng et al. 2009, Peng and Effler 
2010, Effler and Peng 2012). The higher a*NAP,SPM(440) for 
Oneida Lake may reflect greater contributions by organic 
NAP (e.g., detritus), which is expected to be a more potent 
absorber per unit mass than minerogenic particles. The 
process of sediment resuspension (Bloesch 1995) likely 
contributes NAP to the water column irregularly (e.g., 
wind events) in this polymictic lake.
The use of SPM as the OAC for ap (= aNAP + aφ) does 
not suffer from the conceptual limitations described above 
for aNAP. The relationship between ap(440) and SPM 
(Fig. 3e) was also strong (r2 = 0.82); however, the 
associated specific absorption coefficient, a*p,SPM(440), is 
reported less frequently. The average a*p,SPM(440) for 
Oneida Lake was 0.314 m2 g−1 (cv = 0.47), about 27% 
greater than reported for Onondaga Lake (Perkins et al. 
2010) and about 150% greater than for Keweenau Bay 
(Lake Superior; Effler et al. 2010).
Multiple metrics support the position that reasonably 
good closure of in situ and laboratory measurements of 
absorption was achieved. Scatter plots at the common 
reference wavelength of 440 nm depict general approaches 
toward equivalence for aCDOM, ap, and a (Fig. 4a–c, respec-
Fig. 3. Evaluations of relationships between IOPs and SD and OACs: (a) SD−1 vs. bp(650); (b) aφ vs. Chl for λ = 440, 665, and 676 nm, 
expanded scale for inset; (c) aφ(620) vs. PC; (d) aNAP(440) vs. SPM; and (e) ap(440) vs. SPM. Linear least squares regression relationships for aφ 
– Chl in (b); aφ (440) = 0.024·Chl + 0.02 (r2 = 0.96, p < 0.001), aφ (665) – 0.011·Chl + 0.005 (r2 = 0.98, p < 0.001), and aφ (676) = 0.013·Chl + 
0.009 (r2 = 0.98, p < 0.001).
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tively). The average values of the ratios of field to 
laboratory measurements were 1.02 (cv = 0.06), 0.90 (cv 
= 0.29), and 1.09 (cv = 0.13) for aCDOM(440), ap(440), and 
a(440), respectively. The larger deviation from 
equivalence for ap(440) was associated mostly with 3 
higher laboratory observations (Fig. 4b). Some modest 
level of uncertainty and variability in ap measured in the 
lab attends the selection of the particular pathlength am-
plification correction factor (Mitchell et al. 2003). The 
extent of closure here was similar to that reported for Lake 
Erie by Binding et al. (2007), although their laboratory 
measurements (pathlength amplification factor according 
to Roesler 1998) were lower than in situ observations 
(WETLabs ac-9). The full a(λ) spectra were highly 
correlated (average r = 0.999), as determined by linear 
least-squares regression. The average percent differences 
between the laboratory and in situ a values at 440, 550, 
and 676 nm were 10.9, 13.3, and 22%, respectively. Our 
imperfect representation of a in the red for both in situ and 
laboratory measurements (e.g., scattering correction 
protocols) likely contributed to the reported deviations 
that were the greatest in those wavelengths. Tzortziou et 
al. (2006) reported small but nonzero absorption in the 
700–730 nm range in Chesapeake Bay, which our 
protocols for correcting residual scattering effects would 
not resolve. Approaches have been proposed (Tzortziou et 
al. 2006, Gallegos et al. 2008) to correct for these effects.
The spectral shapes of the Rrs(λ) observations were 
well predicted by the IOP-based model: values of r2 were 
≥0.89 for 21 of the 22 cases and ≥95% for 16 cases 
(Fig. 5). The median of the average percent difference for 
the 9 wavelengths for the 22 cases was 19%, and the range 
was 3–47%. Shortcomings in the blue and red 
wavelengths, for which Rrs(λ) is relatively low, made dis-
proportionate contributions to this representation of 
performance for Oneida Lake that are not obvious in the 
adopted graphical format (Fig. 5). For example, the 
median percent difference was higher at 532 nm (23%). 
Overall, the degree of closure for the IOPs and Rrs(λ) is 
considered reasonably good, comparing favorably with 
most of the other closure efforts for case 2 waters (Chang 
et al. 2003, D’Sa and Miller 2003, Gallegos et al. 2008, 
O’Donnell et al. 2010), although the performance did not 
approach that reported for Chesapeake Bay by Tzortziou 
et al. (2006). A bias of modest overprediction emerged 
(for Oneida Lake), as deviations were in that direction in 
all cases.
A lower f/Q value of 0.070, determined through 
iterative calculations to optimize closure with respect to 
magnitude, improved performance by reducing the 
median average percent difference for the 9 wavelengths 
from 19 to 16%. The likely primary sources of the short-
comings were associated with the measurements of IOPs 
and Rrs(λ) and, secondarily, real variations in f/Q (Morel 
and Gentili 1993). Sources of uncertainty and potential 
systematic error that may have contributed to the 
imperfect closure for Rrs(λ) include (1) uncertainties 
associated with the bbp(λ) (~10%; Whitmire et al. 2007) 
and a measurements (Leymarie et al. 2010); (2) inhomo-
geneity of OAC distributions at small physical scales 
(McKee et al. 2009); (3) alterations of the particle 
Fig. 4. Closure analyses for ax and a, laboratory vs. field measure-
ments: (a) aCDOM(440); (b) ap(440); and (c) a(440).
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assemblage associated with the mode of entry into the ac-s 
meter (e.g., orientation, breaking-up flocs; Boss et al. 
2009); (4) real differences in f/Q from variations in 
ambient conditions and IOPs (Morel and Gentili 1993, 
Reynolds et al. 2001); and (5) shortcomings in the 
protocols adopted to correct for scattering effects for in 
situ measurements of at-w. The last of these is generally 
consistent with the observed over-prediction of Rrs(λ) 
because it would cause slightly false low at-w and false 
high bbp(λ) measurements. Direct measurement of bbp was 
critical to the closure success for Rrs reported here because 
many of the observations of bbp deviated from 0.0183, a 
value often invoked in the absence of measurements to 
specify bbp from bp (Tzortziou et al. 2006).
Spatial and temporal differences
Spatial differences among the 6 sites are depicted for 
Chl-a, PC, SPM, and SD for the 4 monitoring days of 
June, July, and two in August, where the circle areas at 
each site are proportional to the values of the metric 
(Fig. 6). The adopted measure of spatial variability is cv. 
In general, modest (e.g., cv ~ 0.2) to substantial (cv ~ 1.0) 
spatial differences were observed, although these were 
somewhat less than the temporal variations encountered. 
The substantial spatial variability encountered establishes 
the fundamental limitations that would accompany a 
single-site monitoring approach for this system and the 
potential value of high spatial resolution remote sensing to 
depict the structure.
Lake-wide increases in Chl-a occurred from the first to 
the last of these monitoring dates. Spatial variability in 
this pigment concentration was modest on the first 2 of 
these days (cv = 0.33; Fig. 6a and b) but was substantially 
greater on the August monitoring dates (cv ≥ 0.61; Fig. 6c 
and d). The highest concentrations on both August days 
were at the eastern end of the lake (Fig. 6c and d), 
probably reflecting effects of the prevailing winds. Other 
details of the spatial patterns differed for these 2 days. PC 
was nearly absent on the June monitoring day (Fig. 6e) 
but increased thereafter (Fig. 6f−h), with a peak concen-
tration of 6.5 µg L−1 at site 109 on 11 August (Fig. 6g). 
The ratio PC:Chl-a remained <0.25.
Sampling for SPM was incomplete on 8 June (Fig. 6i). 
The highest SPM levels for the July monitoring were at 
opposite ends of the lake (Fig. 6j), and concentrations 
increased in August with patterns (Fig. 6k and l) that 
roughly tracked those for Chl-a (Fig. 6c and d). SD 
Fig. 5. Comparison of predicted (points, from IOPs) and observed Rrs(λ) (lines) for 4 days and 6 sites on Oneida Lake in 2010, with r2 (from 
linear least-squares regression) and average (for 9 wavelengths) percent differences: (a) 8 June, site 109, no observations, (b) 8 June, site 117, 
(c) 8 June, site SP, (d) 8 June, site 125, (e) 8 June, site 3M, (f) 8 June, site MB, (g) 7 July, site 109, (h) 7 July, site 117, (i) 7 July, site SP, (j) 7 
July, site 125, (k) 7 July, site 3M, no observations, (l) 7 July, site MB, (m) 11 August, site 109, (n) 11 August, site 117, (o) 11 August, site SP, 
(p) 11 August, site 125, (q) 11 August, site, 3M, (r) 11 August, site 3M, (s) 18 August, site 109, (t) 18 August, site 117, (u) 18 August, site SP, 
(v) 18 August, site 125, (w) 18 August, site 3M, and (x) 18 August, site MB.
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decreased progressively for the 4 monitoring dates, but 
particularly in August (Fig. 6m−p), consistent with SD’s 
widely observed inverse dependence on the concentration 
of light scattering constituents (Davies-Colley et al. 2003; 
Fig. 3a). Spatial average SD values were 4.5, 4.2, 2.65, 
and 2.25 m, for the June, July, and August monitoring 
dates, respectively; however, the extent of spatial 
variability observed for SD (cv range 0.17–0.28) was 
diminished relative to the above OACs. Substantial 
covariation prevailed between these OACs and SD. Chl-a 
was strongly correlated with PC (r = 0.81; e.g., increases 
in phytoplankton biomass mostly in the form of cyanbac-
teria), SPM (r = 0.82), and SD−1 (r = 0.78), indicating the 
central role of phytoplankton biomass in regulating these 
patterns.
The dynamics and spatial differences in OACs (Fig. 
6a−l) imparted substantial temporal and spatial variations 
in IOPs (Fig. 7a−l), and thereby Rrs(λ) (Fig. 7m−p). Levels 
of bbp(650) were much higher in August (Fig. 7c and d) 
and spatially variable (cv > 0.35), except on 7 July 
(Fig. 7b). The value of bbp varied less temporally, but 
noteworthy differences in time and space (cv range 
0.20–0.36) occurred (Fig. 7e−h), indicating differences in 
the composition and/or particle size distributions of light 
scattering particles (Twardowski et al. 2001, Boss et al. 
2004, Loisel et al. 2007). These variations of bbp were 
likely influenced by phytoplankton dynamics (Ahn et al. 
1992), and perhaps also affected by variable resuspension 
inputs of both detritus and minerogenic particles 
(O’Donnell et al. 2010, Peng and Effler 2010). Higher 
values of  bbp have been associated with greater contribu-
tions by minerogenic particles (Twardowski et al. 2001, 
Boss et al. 2004, O’Donnell et al. 2010, Peng and Effler 
2010) and certain types of phytoplankton, including 
Microcystis (e.g., Anacystis; Ahn et al. 1992). Both factors 
may have influenced the observations reported here, based 
on the timing and position of some of the highest values in 
August (Fig. 7g and h; e.g., MB, a shallow area, and 
eastern sites downwind of prevailing wind). Resolution of 
the relative importance of these multiple factors cannot be 
supported by this dataset. Temporal and spatial differences 
in a(440) were driven by variations in the particulate 
Fig. 6. Spatial patterns of SD and OACs in the near-surface waters of Oneida Lake for 4 days in summer 2010: (a) Chl, 8 June, (b) Chl, 7 July, 
(c) Chl, 11 August, (d) Chl, 18 August, (e) PC, 8 June, (f) PC, 7 July, (g) PC, 11 August, (h) PC, 18 August, (i) SPM, 8 June, (j) SPM, 7 July, 
(k) SPM, 11 August, (l) SPM, 18 August, (m) SD, 8 June, (n) SD,7 July, (o) SD, 11 August, and (p) SD, 18 August.
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components (i.e., aφ and aNAP; Fig. 7i−l). The largest 
component of a(440) in all samples, aCDOM(440), 
represented more than one-third of a(440) (Fig. 7l) and 
≥75% at most sites on 8 June (Fig. 7i) and 7 July (Fig. 7j).
The temporal and spatial differences in OACs (e.g., 
Fig. 6a−l), mediated through the effects on IOPs 
(Fig. 7a−d and 7i−l; equation 1), caused substantial 
differences in Rrs(λ) with respect to both magnitude and 
spectral features (Fig. 7m−p). Values of cv for Rrs(560) 
(close to the spectral peak) ranged from 0.07 (7 Jul) to 
0.42 (11 Aug), and for Rrs(700) from 0.15 (7 Jul) to 0.51 
(11 Aug). Robust differences in the minima centered at 
~620 and 676 nm, associated with the absorption maxima 
of PC and Chl-a, were also observed in August 
(Fig. 7m−p). The degree of structure observed in the Rrs(λ) 
signatures suggests the potential for remote sensing of 
OACs and other AOPs through multiple retrieval 
approaches (Matthews et al. 2010).
Preliminary retrieval relationships for water 
quality from reflectance measurements
Strong and highly significant (p < 0.001) empirical rela-
tionships were developed between measurements of SD−1 
and Rrs(700) (Fig. 8a), SD−1 and the ratio Rrs(520):Rrs(700) 
(Fig. 8b), Chl-a and the ratio Rrs(710):Rrs(675) (Fig. 8c), 
PC and the ratio Rrs(710):Rrs(620) (Fig. 8d), and SPM and 
Rrs(560) (Fig. 8e). The performance of these relationships 
compares favorably with similar efforts reported recently 
in the literature based on radiometric measurements 
(Hunter et al. 2010, Matthews et al. 2010). Blue 
wavelengths have been avoided because of the associated 
uncertainties of atmosphere corrections (Binding et al. 
2012). The relationship between aCDOM(440) and the ratio 
Rrs(412):Rrs(510) (Fig. 8f) was not strong, in part because 
of the limited range of aCDOM(440). The strong relation-
ships serve as invaluable screening analyses indicating 
Fig. 7. Spatial patterns IOPs in the near surface waters and Rrs(λ) in Oneida Lake for 4 days in summer 2010: (a) bp(650), 8 June, (b) bp(650), 7 
July, (c) bp(650), 11 August, (d) bp(650), 18 August, (e) bbp(650), 8 June, (f) bbp(650), 7 July, (g) bbp(650), 11 August, (h) bbp(650), 18 August, 
(i) ax(440), 8 June, (j) ax(440), 7 July, (k) ax(440), 11 August, (l) ax(440), 18 August, (m) Rrs(λ), 8 June, (n) Rrs(λ), 7 July, (o) Rrs(λ), 11 August, 
and (p) Rrs(λ), 18 August.
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water quality attributes of Oneida Lake that may be 
retrievable through remote sensing. Success has been 
demonstrated for lacustrine systems with similar 
algorithms (e.g., these wavelengths) based on MERIS 
observations (Matthews et al. 2010). Moreover, the spatial 
resolution capabilities of MERIS (260 m across track; 
Rast et al. 1999) are appropriate (for hindcasting since the 
recent discontinuation of reporting) to address the spatial 
structure at the scale resolved for Oneida Lake in this 
study (Fig. 6 and 7).
The relatively wide ranges of values of these water 
quality metrics encountered in this study supported the 
indicated strength of these relationships; however, the 
inherent limitations of such relationships are acknowl-
edged because they are necessarily system-specific. While 
the wavelengths adopted in these analyses are expected to 
have utility in supporting the development of relationships 
of a similar form elsewhere, the details of the relationships 
(e.g., slopes, intercept, linear versus nonlinear) are subject 
to variations between different systems (Hunter et al. 
2010, Matthews et al. 2010). The development of remote 
sensing capabilities for PC has drawn substantial attention 
recently as a metric of cyanbacteria densities, related to 
concerns for the impacts of nuisance forms, including 
aesthetic degradation and the production of toxins (Simis 
et al. 2007, Randolph et al. 2008, Ruiz-Verú et al. 2008, 
Hunter et al. 2010). Such capabilities have broad value 
associated with these nuisance conditions (Simis et al. 
2007), and specifically for Oneida Lake because of its 
annual late summer cyanobacteria blooms (Table 2) and 
the documentation of substantial concentrations of micro-
cystins (cyanotoxins; Hotto et al. 2008). Additional 
monitoring of water quality metrics, including PC and 
Rrs(λ), will improve the robustness of the system-specific 
relationships presented here (Fig. 8) and support 
expansion of their testing against available satellite 
imagery, as well as evaluation of alternate algorithms 
(Ruiz-Verdú et al. 2008, Hunter et al. 2010, Matthews et 
al. 2010).
Summary and implications
This study makes contributions on 2 levels: (1) a valuable 
case study of robust optical characterization that furthers 
the understanding of the regime of this lake and supports 
system-specific initiatives for remote sensing of water 
quality for this important ecosystem, including nuisance 
cyanobacteria; and (2) support for initiatives for the 
development and testing of semianalytical algorithms with 
broader applicability for remote sensing of inland waters. 
Fig. 8. Empirical relationships to support retrieval of SD and OACs from Rrs(λ) spectra, with linear least-squares regression relationships and p 
values: (a) SD−1 vs. Rrs(700), (b) SD−1 vs. Rrs(520): Rrs(700), (c) Chl vs. Rrs(710): Rrs(670), (d) PC vs. Rrs(710): Rrs(620), (e) SPM vs. Rrs(560), 
and (f) aCDOM(440) vs. Rrs(412): Rrs(510).
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Two features were critical to these contributions: the 
robust array of spectral measurements and the demonstra-
tion of their credibility. The reported findings represent a 
valuable addition to the limited library of such information 
that supports initiatives of mechanistic approaches for 
remote sensing of the inland waters of the United States 
(NASA 2008).
The robust optical characterization of Oneida Lake 
featured in situ spectral measurements of IOPs (a(λ), ax(λ), 
bp(λ), and bbp(λ)); Rrs(λ) and laboratory measurements of 
ax(λ); and OACs. This represents a rare combined charac-
terization and analysis of these spectral features for a 
lacustrine system. The credibility of the measurements 
was supported by (1) consistency and cross-section rela-
tionships that prevailed between IOPs and OACs and SD, 
(2) the good closure between in situ and laboratory meas-
urements of a and ax, (3) the consistencies of spectral 
slope values for aCDOM and aNAP with the literature, and (4) 
the good closure between IOP-based predictions of Rrs(λ) 
and observations. The IOP-based closure, that relied 
critically on direct measurements of bbp(λ), with the meas-
urements of Rrs(λ) compared favorably with the limited 
number of similar previous closure efforts. These features 
of performance support the use of this study’s protocols 
for (1) optical characterizations of other systems, (2) the 
development and testing of mechanistic models of the 
emergent light field, and (3) ground support for related 
remote sensing initiatives for inland waters.
Oneida Lake was found to be an optically complex 
system with substantial temporal and spatial variations in 
OACs, IOPs, and AOPs. Although CDOM was the 
dominant absorption component, variations in NAP and 
phytoplankton drove the dynamics of a. Cyanobacteria 
were manifested in their contribution to biomass and in 
absorption characteristics. Empirical relationships based 
on Rrs(λ) measurements performed well in explaining 
much of the documented substantial variability in several 
water quality metrics of interest in Oneida Lake, including 
(1) SD, (2) Chl-a, (3) PC, and (4) SPM. The PC relation-
ship is of particular interest because of nuisance and 
toxicity concerns related to the late summer cyanobacteria 
bloom(s) in this lake. Extension of these efforts to include 
satellite-based measurements for testing of both empirical 
and mechanistic models for the datasets reported here is 
recommended.
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